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(57) ABSTRACT

A large area active-matrix organic light-emitting diode
microdisplay and method for fabricating the same is pro-
vided which includes a panel having resolution of greater
than 2,000 pixels per inch and a size of 1.4 or more inches
for supporting the needs of virtual reality and augmented
reality application.
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LARGE AREA DISPLAY AND METHOD FOR
MAKING SAME

STATEMENT OF RELATED CASES

[0001] This case claims priority to U.S. Provisional Patent
Application Serial Number 62/398,329 filed on Sep. 22,
2016 (Attorney Docket: 6494-212PR1), which is incorpo-
rated herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to microdisplays in
general, and, more particularly, to a method for making an
active-matrix organic light-emitting diode (AMOLED)
microdisplay that provides super-resolution and is larger
than possible using conventional production methods.

BACKGROUND OF THE INVENTION

[0003] Immersive head mounted displays (HMDs) in
which a virtual reality (VR) or an augmented reality (AR) is
displayed to a user include applications in outdoor activities
(e.g., hunting, fishing, bird watching), combat training, and
video gaming, among others. Conventional immersive
HMDs incorporate relatively large (e.g., 4 inchesx2 inches),
low-resolution displays similar to those found in smart-
phones, as well as off-the-shelf commercial lenses. Such
displays place limitations on the size, configuration, and
function of current HMDs. There is great interest in devel-
oping an OLED microdisplay panel that has high resolution
and is 1.4 or more inches in size for supporting the needs of
virtual reality (VR) headsets.

[0004] OLEDs are popular display devices because they
are thin, provide low voltage operation, and high-resolution
capabilities. The OLED is a self-emitting display device in
which electrons and holes injected into organic material
through an anode and a cathode are recombined to generate
excitons, and light with a certain wavelength is emitted by
the generated excitons. Thus, the OLED, unlike an L.CD,
does not require a separate light source, e.g., a backlight,
and, thus, consumes less power while realizing a wide
viewing angle and a high response speed.

[0005] OLEDs may be divided into a passive matrix type
and an active matrix type depending on a driving method
thereof. Recently, active matrix type OLEDs have been
employed, due to their low power consumption, high pre-
cision, high response speed, wide viewing angle and small
thickness, which make them ideal for VR applications. In
such an active matrix type OLED, a pixel region for light
emitting or display is formed on a substrate, and a non-pixel
region is formed on the substrate surrounding the pixel
region.

[0006] Pixels serving as the basic unit for image repre-
sentation may be arranged in a matrix on the pixel region.
Light emitting elements may include a first electrode, e.g.,
an anode, a light emitting layer and a second electrode, e.g.,
a cathode, stacked in that order, and may be provided for
each of the pixels. The light emitting layer may be made of
an organic material for generating red (R), green (G) and
blue (B) colors, respectively. A transistor, e.g., a thin film
transistor (TFT), may be connected to the light emitting
elements and may be arranged for each of the pixels to
separately control the pixels. Pads may be formed on the
non-pixel region and may be electrically connected to the
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pixels. The electric signals generated from a driving circuit
may be applied to the pixels through these pads.

[0007] High-resolution active matrix displays may include
millions of pixels and sub-pixels that are individually
addressed by the drive electronics. Each sub-pixel can have
several semiconductor transistors and other IC components.
Each OLED may correspond to a pixel or a sub-pixel.
Generally, however, an OLED display consists of many
OLED pixels, and each OLED pixel may have three sub-
pixels associated with it, in which each sub-pixel may
include red, green and blue color OLEDs or may emit white
light, which be filtered to either red, green or blue.

[0008] The external driving circuit may be connected to
the pads through, e.g., a flexible printed circuit (FPC), a chip
on glass (COG) or a tape carrier package (TCP). The FPC
and COG may be connected to the pads using an adhesive,
e.g., an anisotropic conductive film (ACF). The present
invention utilizes an anisotropic conductive film (ACF) flex
circuit interconnect system which utilizes ACF to electri-
cally couple control line conductors provided on a flex
circuit to corresponding control pads to provide control
signals to the electrodes on optically transparent conductive
film from the driver circuit. ACFs are widely used in flat
panel display technology as the interconnect between a
circuit element and display elements. These films typically
have low or no conductivity in the X-Y plane that typically
has large dimensions compared to the thickness but have
high conductivity along the third axis, often labeled the
Z-axis. As a result, these are also sometimes referred to as
Z-axis conducting films. The base film may consist of a
thermoset plastic, a thermoplastic, a thermoplastic adhesive
or a thermoset adhesive. The film provides a matrix for
electrically conducting elements that are dispersed in the
film that span the z-axis and provide the electrical conduc-
tion through the film. The anisotropy of the conductivity is
the result of having the conducting elements in low enough
concentration that they only infrequently touch to provide
limited lateral conductivity. The conducting elements are
typically small metal balls, metal coated polymer balls, or
oriented thin metal rods.

[0009] A typical pixel array is formed from blocks of a few
thousand pixels. The mask contains a single instance of this
block, and by stepping the mask the equivalent of the block
size, the pixel block can be repeated side by side on the
surface of the wafer. Multiple dies can be formed on the
wafer and in some cases, multiple die patterns can be
included in a single reticle to reduce the cost of the reticle
set. The circuitry that surrounds the pixel is then added to
complete the device. Using this method, a single mask can
be used to manufacture large area devices.

[0010] In a method of manufacturing the active matrix
type OLED, the TFT and the pad may be formed on the pixel
region and the non-pixel region of the substrate, respec-
tively. Then, a planarizing layer may be formed on the
overall surface of the substrate so as to cover the TFT and
the pad. The planarizing layer may then be patterned so as
to expose a portion of the TFT and the pad, and a light
emitting element may be formed on the planarizing layer in
the pixel region so as to connect with the TFT.

[0011] The planarizing layer may be made of an organic
material, e.g., acryl, and may be relatively thick in order to
remove a step due to a height difference between the pixel
region and the non-pixel region. However, the thicker the
planarizing layer becomes, the more a height difference
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between the pad of the non-pixel region and the planarizing
layer increases. Therefore, conductive balls of the ACF may
not be sufficiently compressed when connecting, e.g., the
FPC and COG to the pads. Thus, contact failure may occur
between the pads and the FPC and COG.

[0012] There are generally two different types of AMO-
LED displays, namely a bottom emission organic light
emitting diode (OLED) and a top emission OLED. In a
bottom emission OLED, the OLED area shares co-planar
space with associated TFTs and capacitors. That is, the
OLED area typically is not stacked or overlapped with the
TFT(s) and or capacitor(s). Light is generally emitted from
a transparent or semi-transparent bottom electrode and
passes through a transparent substrate. In a top emission
OLED, light is emitted through the top surface of the
display. Thus, a top emission OLED may place the OLED
light-emitting area above or overlapping one or more TFTs
and/or capacitors. A planarization layer may separate the
OLED light-emitting area from the TFTs and/or capacitors.

[0013] Conventional solutions are based on display tech-
nology used for mobile phones that employ organic light-
emitting diodes (OLED) on glass substrates and use thin-
film-transistor (TFT) circuits on glass for pixel drivers.
These solutions are limited in the resolution they can
achieve to about 600 ppi today with future capability extend-
ing to perhaps 1000 ppi. It has been shown that for a realistic
visual experience it will be necessary to provide 1500 to
2500 ppi or more in a panel size of at least 50 mm per side.
Technical and production issues will make this very difficult
to achieve using TFT on glass for the backplane driver. For
one thing, the low mobility of TFT devices dictates rather
large feature sizes to adequately drive an OLED pixel.
Second, the lithography equipment used to pattern the large
glass sheets that form the substrates for mobile display
panels are limited to resolving feature sizes of greater than
1.5 microns. Both of these aspects work against the pixel
miniaturization needed to achieve a high pixel per inch (PPI)
resolution.

[0014] Some alternative solutions include microdisplay
panels, such as those produced by eMagin, which routinely
provide better than 3000 ppi resolution. These displays are
built with OLED on single-crystal silicon substrates. The
high mobility of silicon transistors enable small pixel cir-
cuits for driving the OLED diodes resulting in the very high
PPI displays. In addition, the patterning of the silicon
backplanes is done at the silicon foundry using conventional
semiconductor lithography tools which can resolve feature
sizes of less than 100 nm. However, the size of panels that
can be built this way is limited to about 25 mm per side due
to the exposure size limitations of modern semiconductor
lithography equipment. The maximum field size for a typical
lithography tool is 26x33 mm. As a result the OLED-on-
silicon technology that can provide high resolution cannot
easily achieve the large display panel sizes (>50 mm per
side) that are optimal for VR headsets.

[0015] The need for a process that provides near-to-eye
virtual reality or augmented reality microdisplays having
display assemblies with light-emitting portions providing
higher pixel densities (e.g. 1,500 ppi-2,500 ppi or more) and
larger panel size (at least 50 mm per side) remains unmet in
the prior art.
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SUMMARY OF THE INVENTION

[0016] The present invention cures the deficiencies in the
prior art by providing a method to implement a backplane
design that is larger than possible with a single exposure of
conventional silicon lithography tools while minimizing the
burden and cost of the sub-block design.

[0017] The preferred embodiment includes an organic
light-emitting diode (OLED) display device comprising a
single crystal substrate, an interconnect region having a
sub-pixel driving array disposed on the single crystal sub-
strate, wherein the sub-pixel driving array includes two or
more metal layers, a plurality of signal lines, a plurality of
wiring pads, and a plurality of sub-pixel drivers, an aniso-
tropic conductive film for connecting the plurality of sub-
pixel drivers to the single crystal substrate, and a pixel array
disposed on the single crystal substrate, wherein the pixel
array includes an organic light-emitting diode layer having
a plurality of organic light-emitting diodes disposed in
respective sub-pixels and connected with the respective
sub-pixel drivers. The plurality of pads are attached to the
dual metal layers by the anisotropic conductive film. The
pixel array includes a high pixel per inch arrangement
configured in an active matrix. A single reticle is used to
define the pixel array and wiring pads. The pixel array
includes two transistors and an inverted organic light-emit-
ting diode stack. At least one transistor is a high voltage
n-channel metal-oxide silicon (NMOS) device or a lateral
double-diffused metal-oxide-silicon (LDMOS) device. The
pixel array has a resolution of at least 2,000 pixels per inch.
The OLED display device has a panel size of at least 35 mm
per side. The pixel array includes an offset OLED emitter
array patterned over a stitched silicon pixel array.

[0018] Inanother embodiment, a display panel is provided
having a plurality of sides, comprising at least one crystal
substrate, an organic light-emitting layer deposited on the
crystal substrate, and a plurality of organic light-emitting
diode pixels arranged in an array on the organic light-
emitting layer and having a combined resolution of at least
2,000 pixels per inch, wherein at least one side of the panel
is greater than 35 mm.

[0019] Inyet another embodiment, a method of fabricating
a display device using a single reticle having a primary
sub-block and two secondary sub-blocks is provided, com-
prising forming a single crystal substrate, depositing an
interconnect region having a sub-pixel driving array on the
single crystal substrate using the two sub-blocks of the
reticle, wherein the sub-pixel driving array includes two or
more metal layers, a plurality of signal lines, a plurality of
wiring pads, and a plurality of sub-pixel drivers, bonding the
plurality of sub-pixel drivers to the single crystal substrate
by an anisotropic conductive film, and forming a pixel array
on the single crystal substrate using the primary sub-block of
the reticle, wherein the pixel array includes an organic
light-emitting diode layer having a plurality of organic
light-emitting diodes disposed in respective sub-pixels and
connected with the respective sub-pixel drivers, wherein the
pixel array includes an offset OLED emitter array patterned
over a stitched silicon pixel array. The method further
comprising attaching the plurality of pads to the dual metal
layers by the anisotropic conductive film. The pixel array
includes a high pixel per inch arrangement configured in an
active matrix. A single reticle is used to define the pixel array
and wiring pads. The pixel array includes two transistors and
an inverted organic light-emitting diode stack. At least one
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transistor is a high voltage n-channel metal-oxide silicon
(NMOS) device or a lateral double-diffused metal-oxide-
silicon (LDMOS) device. The pixel array has a resolution of
at least 2,000 pixels per inch. The display device has a panel
size of at least 35 mm per side.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1A depicts a conventional mobile display
panel used in virtual reality applications in accordance with
the prior art.

[0021] FIG. 1B is a schematic cross-sectional view of the
mobile display panel of FIG. 1A.

[0022] FIGS. 2A and 2B is a plan view of a large area
silicon backplane formed using a conventional stitching
process.

[0023] FIG. 3 is a schematic view showing a configuration

for a large format display in accordance with the illustrative
embodiment of the present invention.

[0024] FIG. 4A depicts an enlarged view of a single reticle
in accordance with a patterning method of the present
invention used to form the large format display device of
FIG. 3.

[0025] FIG. 4B depicts an enlarged view of a patterned
array die in accordance with the patterning method of FIG.
4A.

[0026] FIG. 5 depicts an enlarged view of an interconnect
region of a pixel array in accordance with the patterning
method of FIG. 4A.

[0027] FIG. 6A is a schematic view showing a pixel array
arrangement having a vertical stitching boundary in accor-
dance with the patterning method used to form the large
format display device of the present invention.

[0028] FIG. 6B is a schematic view showing a pixel array
arrangement having a non-stitched OLED pattern in accor-
dance with the patterning method used to form the large
format display device of the present invention.

[0029] FIG. 7 is a schematic view of a pixel circuit in
accordance with the illustrative alternative of the present
invention.

DETAILED DESCRIPTION

[0030] FIGS. 1A and 1B illustrates a conventional mobile
display panel 100 used in virtual reality applications. The
panel 100 consists of a polysilicon thin-film-transistor (TFT)
104 on glass backplane 102, with an OLED layer 106
deposited on top. Preferably, the OLED layer 106 is a
side-by-side color architecture with each color stack evapo-
rated through a fine metal mask. Separate driver integrated
circuits (ICs) 108 are attached to the glass substrate using an
anisotropic adhesive film (ACF) layer 110. Separate flexible
printed circuits (FPCs) 112 are attached to the glass substrate
using an anisotropic adhesive film (ACF) layer 114.

[0031] FIGS. 2A and 2B illustrates a conventional silicon
stitching method 200 used to build semiconductor chips 202
at a foundry that are larger than possible with existing
patterning tools. The chip 202 is partitioned into sub-blocks
204, which must fit into a single reticle 206. Each sub-block
204 is patterned across the wafer 208 in sequence. Method
200 is limited to fabricating specialty devices due to high
production costs. As shown, the stitching method requires
partitioning the chip design into a collection of sub-blocks
204 that all fit onto a single set of reticles 206. During wafer
patterning these sub-blocks 204 are exposed sequentially at
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specific locations in order to reconstruct the complete design
at multiple positions across the wafer. Method 200 is costly
due to the large number of steps necessary to expose various
sub-blocks for each mask layer in the process. For example,
if chip design is partitioned into 10 sub-blocks the total
patterning time will take 10 times as long as it would take
to expose the full design all at once. The patterning through-
put will then either be 10 times longer or the number of
lithography tools increased by 10 times. As such, cost of
production is significantly increased. Additionally, large
upfront engineering cost are necessary to create partitioned
designs that fit one reticle set. Furthermore, separate layout
design rules are required for sub-field boundaries that add to
layout complexity and increase overall size of architecture
as compared to a non-stitched version. Finally, stitching
boundaries result in optical artifacts due to displacement of
pixels along stitching line as illustrated in FIG. 6A.

[0032] FIG. 3 illustrates an exemplary view of a panel
architecture 300 as proposed by the present invention. Panel
architecture 300 includes an OLED emitting layer 304
deposited on a single crystal substrate 302 that is used for
implementing the backplane pixel array 306. Separate col-
umn driver chips 308 and row drivers chips 310 are attached
to the silicon substrate 302 using an ACF layer 312. In some
embodiments, a plurality of anisotropic conductive balls
(not shown) are formed having the same anisotropic prop-
erties as an anisotropic conducting film. The OLED display
device contemplated by the present invention resolution of
at least 2,000 pixels per inch and a panel size of at least 35
mm per side.

[0033] FIG. 4 illustrates an exemplary patterning method
400 provided by the present invention. A single reticle 402
is used, which contains primarily the array sub-block 404
and, secondarily, a pair of small sub-blocks 408 and 410 for
the interconnect region 406. In particular, reticle 402 is
partitioned into primary sub-block (pixel array) 404 and two
secondary sub-blocks 408 and 410 that form the intercon-
nect region 406 for the ACF attachment layer 312 of external
driver chips as shown in FIG. 3. Pixel array 404 is formed
on a single crystal wafer 314 in this concept, which also
serves as the substrate 302 for the OLED emitters and the
external driver chips. A reduced cost silicon wafer can be
used as the substrate because the pixel array 404 can be built
with NMOS only transistors as illustrated in FIG. 7, result-
ing in a simplified twelve mask wafer process. In addition,
the interconnect regions 406 are formed using only two
metal layers and two via layers, further reducing the cost of
stitching these sub-blocks which each only require four
exposures. As such, reticle masks and patterning exposures
is greatly reduced compared to conventional stitching
approaches.

[0034] FIG. 5 illustrates an exploded view of the inter-
connect region 406 of FIG. 4, which consists of two metal
layers used to implement wiring tracks 502A and 502B and
ACF attachment pads 504, including select pads 504A,
ground pads 504B, and data line pads 504C in order to
achieve higher pixel density with existing ACF interconnect
technology. As shown in FIG. 5, dual metals allow pads 504
to be expanded directionally away from pixel array 404 so
as to maintain large pad area while still connecting to
high-density column array. In some embodiments, connec-
tions can be made to both sides of the pixel array to further
increase working pixel density achieved. In some embodi-
ments, the chips and 308 and 310 are mounted to a circuit



US 2018/0083081 Al

film (not shown) which is adhered to the pad through the
ACEF layer 312. These films on which the chips are mounted
may be formed of tape carrier package TCP or chip-on-film
COF.

[0035] FIGS. 6A and 6B illustrate use of a large field
stepper for OLED emitter patterning to overlay silicon pixel
cells to avoid optical artifacts due to stitching. As shown in
FIG. 6A, stitching boundary 602 at pixel array 404 can result
in an optical artifact if it is matched at OLED emitter pattern
604. Alternatively, pixel array pitch can be increased across
the full pixel array 404 to achieve a uniform appearance. In
the present invention, OLED emitter pitch 604 is maintained
at a uniform level across entire display by offsetting it
slightly over silicon pixel cells. This is achieved when only
one, or in some embodiments two, stitching boundaries exist
across the pixel array 404 which can be accommodated by
design rule margins. A large field stepper is available for use
in defining OLED emitter patterns up to 50 mm on a side
since the resolution required for the OLED patterns is much
lower than necessary for silicon device patterns.

[0036] FIG. 7 illustrates an exemplary design for pixel
circuit 700 that can be implemented in a simplified negative
channel metal-oxide-semiconductor (NMOS) logic process.
The pixel circuit 700 uses inverted OLED diode architec-
ture. The pixel circuit 700 includes thin film transistors
(TFTs) 702 and 704, a capacitor 706, an OLED 708, which
is the light-emitting element. OLED 708 has a common
anode 712 and its cathode connected to a ground potential
GND 710. In some embodiments, alternative OLED archi-
tectures may be employed.

[0037] In some embodiments, various changes may be
made in the transparent materials or number of OLED
layers, all while preserving the function of the present
invention as described herein. The organic light emitting
devices may be either top or bottom emitting. Further, it may
be appropriate to make various modifications in materials of
the present invention, or in the mode of operation of a
preferred embodiment of the present invention. Thus, it will
be apparent to those skilled in the art after reading this
disclosure that various modifications and variations of the
can be made in the construction and configuration of the
present invention without departing from the scope or spirit
of the invention and that the scope of the present invention
is to be determined by the following claims.

What is claimed is:
1. An organic light-emitting diode (OLED) display device
comprising:
a single crystal substrate;
an interconnect region having a sub-pixel driving array
disposed on the single crystal substrate, wherein the
sub-pixel driving array includes two or more metal
layers, a plurality of signal lines, a plurality of wiring
pads, and a plurality of sub-pixel drivers;
an anisotropic conductive film for connecting the plurality
of sub-pixel drivers to the single crystal substrate; and
a pixel array disposed on the single crystal substrate,
wherein the pixel array includes an organic light-
emitting diode layer having a plurality of organic
light-emitting diodes disposed in respective sub-pixels
and connected with the respective sub-pixel drivers.
2. The OLED display device of claim 1 wherein the
plurality of pads attach to the dual metal layers by the
anisotropic conductive film.
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3. The OLED display device of claim 1 wherein the pixel
array includes a high pixel per inch arrangement configured
in an active matrix.

4. The OLED display device of claim 1 wherein a single
reticle is used to define the pixel array and wiring pads.

5. The OLED display device of claim 1 wherein the pixel
array includes two transistors and an inverted organic light-
emitting diode stack.

6. The OLED display device of claim 5 wherein at least
one transistor is a high voltage n-channel metal-oxide silicon
(NMOS) device or a lateral double-diffused metal-oxide-
silicon (LDMOS) device.

7. The OLED display device of claim 1 wherein the pixel
array has a resolution of at least 2,000 pixels per inch.

8. The OLED display device of claim 1 having a panel
size of at least 35 mm per side.

9. The OLED display device of claim 1 wherein the pixel
array includes an offset OLED emitter array patterned over
a stitched silicon pixel array.

10. A display panel having a plurality of sides, compris-
ing:

at least one crystal substrate;

an organic light-emitting layer deposited on the crystal

substrate; and
a plurality of organic light-emitting diode pixels arranged
in an array on the organic light-emitting layer and
having a combined resolution of at least 2,000 pixels
per inch, wherein at least one side of the panel is greater
than 35 mm.
11. A method of fabricating a display device using a single
reticle having a primary sub-block and two secondary sub-
blocks, comprising:
forming a single crystal substrate;
depositing an interconnect region having a sub-pixel
driving array on the single crystal substrate using the
two sub-blocks of the reticle, wherein the sub-pixel
driving array includes two or more metal layers, a
plurality of signal lines, a plurality of wiring pads, and
a plurality of sub-pixel drivers;

bonding the plurality of sub-pixel drivers to the single
crystal substrate by an anisotropic conductive film; and

forming a pixel array on the single crystal substrate using
the primary sub-block of the reticle, wherein the pixel
array includes an organic light-emitting diode layer
having a plurality of organic light-emitting diodes
disposed in respective sub-pixels and connected with
the respective sub-pixel drivers, wherein the pixel array
includes an offset OLED emitter array patterned over a
stitched silicon pixel array.

12. The method of claim 1 further comprising attaching
the plurality of pads to the dual metal layers by the aniso-
tropic conductive film.

13. The method of claim 1 wherein the pixel array
includes a high pixel per inch arrangement configured in an
active matrix.

14. The method of claim 1 wherein a single reticle is used
to define the pixel array and wiring pads.

15. The method of claim 1 wherein the pixel array
includes two transistors and an inverted organic light-emit-
ting diode stack.

16. The method of claim 15 wherein at least one transistor
is a high voltage n-channel metal-oxide silicon (NMOS)
device or a lateral double-diffused metal-oxide-silicon (LD-
MOS) device.
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17. The method of claim 1 wherein the pixel array has a
resolution of at least 2,000 pixels per inch.

18. The method of claim 1 wherein the display device has
a panel size of at least 35 mm per side.
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